Spin-ices are frustrated magnets that support a particularly rich variety of emergent physics. Typically, it is the interplay of magnetic dipole interactions, spin anisotropy, and geometric frustration on the pyrochlore lattice that drives spin-ice formation. The relevant physics occurs at temperatures commensurate with the magnetic interaction strength, which for most systems is 1-5 K. This low energy scale poses severe challenges for experimental studies of spinices and the practical exploitation of their unusual properties. Here, we show 1 arXiv:1904.05749v1 [cond-mat.mtrl-sci]
that non-magnetic cadmium cyanide (Cd(CN) 2 ) exhibits analogous behaviour to magnetic spin-ices, but does so on a temperature scale that is nearly two orders of magnitude greater. The electric dipole moments of cyanide ions in Cd(CN) 2 assume the role of magnetic pseudospins, with the difference in energy scale reflecting the increased strength of electric vs magnetic dipolar interactions. As a result, spin-ice physics influences the structural behaviour of Cd(CN) 2 even at room temperature.
The pyrochlore lattice of vertex-sharing tetrahedra is a recurring motif in many classes of geometrically frustrated materials (1, 2, 3, 4) . Amongst these, systems for which each vertex is associated with an Ising variable (e = ±1, say) and which obey a constant-sum rule on each tetrahedron ( i e i = 0) form the particularly intriguing family of "ices" (5) . (Cubic) water ice (6) and spin-ice Dy 2 Ti 2 O 7 (7) are two examples [ Fig. 1A ,B]; many others are known (8, 9, 10, 11) .
Common to all ice-like states is a huge configurational degeneracy-reflected in the Pauling entropy (12, 13)-that in principle allows these systems to be exploited in data storage and manipulation (14, 15) . Moreover, the constant-sum rule (≡ "ice rule" (16) ) leads to an effective gauge field that can in turn drive a variety of remarkable physics (5, 17, 18, 19) . For example, violations of this rule (excitations of the gauge field) behave as emergent quasiparticles that interact with one another via an effective Coulomb potential (5, 20) . These particles represent a fractionalisation of the underlying Ising variable, such that in the spin-ices they behave as magnetic monopoles (i.e. fractionalised magnetic dipoles) (21, 22, 23) . The manipulation of monopoles with external fields is thought to be a promising avenue for developing novel spintronic devices (24) .
Of particular practical importance in seeking to apply this unusual physics is the energy scale that governs a given ice-like phase. How difficult is it to invert Ising states? And how strictly are ice rules obeyed? In water ice the energies are simply too high; hydrogen-bond inversion is 2 usually sluggish and ice rule violations are exceedingly rare (∼1 ppm at 260 K) (25, 26, 27, 28) .
By contrast, spin-ices are dynamic to very low temperatures (< 1 K), but the energy cost of defect formation is comparably small (29, 20) . Hence spin-ice physics is constrained to the single-Kelvin regime.
Motivated by the potential impact of identifying ice-like phases with more advantageous energetics, we study the molecular framework material cadmium cyanide, Cd(CN) 2 . Its anticuprite structure contains cyanide ions situated on the vertices of a pair of interpenetrating pyrochlore lattices (30) [Fig. 1C ]. At ambient temperature, the crystal symmetry is P n3m and the system is isostructural with high-pressure proton-disordered ice-VII (31): the O position is occupied by Cd and the (average) H position by CN, with head-to-tail orientational disorder (32). Solid-state NMR and single-crystal X-ray diffuse scattering measurements, together with density-functional theory (DFT) calculations, have collectively identified Cd(CN) 2 as a candidate ice (33, 32, 34, 35) . The orientation of each individual CN − ion acts as an Ising variable, and the constant-sum rule reflects a preference for each Cd to bind two C and two N atoms (35) , evoking the ice rules.
What is entirely unknown is whether CN − flipping is possible in Cd(CN) 2 , and hence whether the system is capable-even in principle-of exhibiting spin-ice physics. In fact, our collective understanding of the lattice dynamics of this system is conspicuously poor. For example, on cooling to ∼130 K the material exhibits a displacive phase transition that is not only We proceed to determine whether a suitable spin-ice Hamiltonian can succeed in capturing the key behaviour of Cd(CN) 2 , and in turn be tested against further experimental observations.
Our starting point is the anisotropic Heisenberg model first proposed in Ref. 44 :
where the pairwise sum is over nearest-neighbour spin sites i, j. This model develops spin- Taking into account the dipolar coupling between the two interpenetrating pyrochlore lattices in Cd(CN) 2 we arrive at our model Hamiltonian:
where J eff = J + 5D and the prime notation indicates nearest neighbours from alternate lattices they represent a fractionalisation of the molecular cyanide ion and would be expected to interact via a Coulomb potential (5) . One might hope to manipulate these emergent charges by the application of an external electric field. Remarkably, the soft phonon mode responsible for the P n3m to I4 1 /amd transition is also a manifestation of spin-ice physics (44). This explains why ordered models do not show any lattice instabilities in DFT calculations, and points to the intriguing interplay between CN − (re)orientations-which our NMR measurements suggest take place on a timescale of a few Hz at ambient temperature-and conventional lattice dynamics that is itself reminiscent of extreme rotovibrational coupling (55, 56 
